During photosynthesis, the light-driven oxidation of water performed by photosystem II (PSII) provides electrons necessary to fix CO 2 , in turn supporting life on Earth by liberating molecular oxygen. Recent high-resolution X-ray images of PSII show that the wateroxidizing center (WOC) is composed of an Mn 4 CaO 5 cluster with six carboxylate, one imidazole, and four water ligands. FTIR difference spectroscopy has shown significant structural changes of the WOC during the S-state cycle of water oxidation, especially within carboxylate groups. However, the roles that these carboxylate groups play in water oxidation as well as how they should be properly assigned in spectra are unresolved. In this study, we performed a normal mode analysis of the WOC using the quantum mechanics/ molecular mechanics (QM/MM) method to simulate FTIR difference spectra on the S 1 to S 2 transition in the carboxylate stretching region. By evaluating WOC models with different oxidation and protonation states, we determined that models of high-oxidation states, Mn(III) 2 Mn(IV) 2 , satisfactorily reproduced experimental spectra from intact and Ca-depleted PSII compared with low-oxidation models. It is further suggested that the carboxylate groups bridging Ca and Mn ions within this center tune the reactivity of water ligands bound to Ca by shifting charge via their π conjugation.
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photosynthesis | water oxidation | QM/MM | FTIR | carboxylate ligand T he oxidation of water, performed by photosystem II (PSII) in plants and cyanobacteria, is a crucial part of the photosynthesis process, providing a source of electrons used for CO 2 fixation. This process also produces molecular oxygen as a byproduct; this "waste" oxygen is released to the atmosphere, where it plays an essential role in sustaining life on Earth. The catalytic site of water oxidation is a water-oxidizing center (WOC) located in the electron-donor side of PSII (1) (2) (3) . Recent high-resolution (1.9-1.95 Å) X-ray crystallographic structures of PSII (4, 5) revealed that the WOC core is an Mn 4 CaO 5 cluster fixed to the protein by six carboxylate [D1-D170, D1-E189, D1-E333, D1-D342, D1-A344 (C terminus), and CP43-E354] ligands and one imidazole (D1-H332) ligand. Four water ligands are also bound to Mn 4 (W1 and W2) and Ca (W3 and W4) (Fig. 1B shows numbering of the Mn ions and water ligands); several water molecules also exist around the Mn 4 CaO 5 cluster, forming a hydrogen bond network (Fig. 1A) . Because of the absence of the information of hydrogen atoms in the X-ray structures, however, the protonation states of the water and oxo ligands in Mn 4 CaO 5 as well as the structure of the hydrogen bond network remain to be clarified.
The water-oxidizing reaction proceeds through a cycle of five intermediates designated as S n states (n = 0−4) (6, 7) , where S 1 is the most stable in the dark. Oxidation of the Mn 4 CaO 5 cluster by a Y Z
• radical, produced by light-induced charge separation, advances the S n state (n = 0−3) to the S n + 1 state. The S 4 state immediately relaxes to the S 0 state on release of O 2 . The oxidation states of the Mn atoms within the cluster have long been a source of debate, especially around whether the cluster exists in a high-oxidation [Mn(III) 2 Mn(IV) 2 ] or low-oxidation [Mn(III) 4 or Mn(II)Mn(III) 2 Mn(IV)] state in S 1 (8) (9) (10) (11) (12) .
With the information of atomic coordinates from high-resolution X-ray structures of the WOC, quantum chemical calculation is now a very powerful method in investigation of the water oxidation mechanism (10, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Calculations using the density functional theory (DFT) and quantum mechanics/molecular mechanics (QM/MM) methods can be used to predict individual S-state structures and hence, the reaction scheme. Experimental data, such as EPR and extended X-ray absorption fine structure (EXAFS), as well as X-ray structural information were simulated using these methods to identify the protonation structure and the oxidation states (10, 13, 15, 20, 21) , although a definite conclusion has not yet been reached.
In contrast to EPR and EXAFS, which provide information mainly about the Mn 4 CaO 5 core, FTIR spectroscopy provides structural information about the protein moiety and water molecules coupled to the Mn 4 CaO 5 cluster (25) (26) (27) . FTIR spectroscopy, which detects molecular vibrations, is highly sensitive to the structures and interactions of functional groups, and hence, the FTIR difference technique can recognize subtle structural changes at a much finer structural resolution than X-ray crystallography. Flash-induced FTIR difference spectra taken during the S-state cycle show many prominent signals in the protein region. In particular, characteristic features were observed around 1,400 cm −1 in the region of the symmetric stretching vibrations of carboxylate groups (28) (29) (30) (31) (32) (33) (34) (35) . Such signals reflect significant changes in the interactions of carboxylate groups around the Mn 4 CaO 5 cluster, implying that these carboxylate groups are deeply involved in the water oxidation mechanism. The observation that Ca 2+ depletion drastically changed the spectral feature around 1,400 cm −1 (28, 36) also supports this idea. Thus, analyzing the structural changes of Significance Photosystem II plays an important role in photosynthesis by oxidizing water; this process provides as an electron source to fix CO 2 during photosynthesis, which sustains life on Earth by liberating molecular oxygen. Although the catalytic site, the water-oxidizing center (WOC), is known to consist of an Mn 4 CaO 5 cluster, six carboxylate ligands, and one imidazole ligand, its detailed structure and reaction mechanism have not yet been resolved. In this study, we successfully simulated the carboxylate stretching region of the experimental IR spectra of WOC by calculating WOC vibrations using the quantum mechanics/molecular mechanics method. Our simulations show the significant role that carboxylate groups bridging Mn and Ca play in tuning the water oxidation reaction.
carboxylate groups during the S-state cycle provides crucial information regarding the mechanism of this reaction. However, clear assignment of the FTIR bands to individual carboxylate groups has not been achieved, except for the C-terminal carboxylate of D1-Ala344, which has bands that were assigned successfully by its selective labeling with [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]Ala (31, 32) . In this study, the carboxylate stretching region of the FTIR difference spectra of the WOC was simulated using QM/MM calculations, which were based on a damage-free X-ray structure obtained using an X-ray free electron laser (XFEL) (5) . Several WOC models with different oxidation and protonation states (Table 1) were assumed to reproduce the experimental S 2 /S 1 difference (30) and 12 C/ 13 C-Ala S 2 /S 1 double-difference (31) spectra. The S 2 /S 1 difference spectrum of a Ca-depleted WOC (28) was also simulated. These FTIR spectra show subtle changes in bond lengths and interactions of carboxylate groups, thus providing a different way of evaluating the most accurate WOC model from previous simulations using EXAFS and EPR data (10, 13, 15, 20, 21) . This QM/MM simulation provides sufficient reproduction of the FTIR spectra, showing the significance of carboxylate ligands in the water oxidation mechanism.
Results
The quantum mechanics (QM) region of the WOC (Fig. 1A) used in QM/MM calculations (see Fig. S1 for the whole QM/MM region) included six carboxylate ligands (D170, E189, E333, D342, E354, and A344; subunit names are omitted hereafter) and one nearby carboxylate group (D61) hydrogen bonded with W1 (Fig.  1B) . All of the amino acid groups and water molecules interacting with these carboxylate groups were included in the QM region to accurately reproduce carboxylate vibrations. Different protonation states at W2 and O5 as well as high-and low-oxidation states of the Mn ions were assumed in the constructed models ( have low-oxidation states that previous DFT calculations suggested could fit to the 1.9-and 1.95-Å structures, respectively, revealed by X-ray crystallography (12) . A model of a Ca-depleted WOC with the same protonation and oxidation states as model 1 was also calculated (model 5) (Fig. S2 ). In the S 2 state, Mn 1 or Mn 4 was oxidized in the high-oxidation models, whereas Mn 2 or Mn 4 was oxidized in the low-oxidation models. The Mn 1 -and Mn 4 -oxidized S 2 states of the high-oxidation models have been proposed to reflect two conformations showing g = 4.1 and g = 2 multiline EPR signals, respectively, where the latter conformation has a slightly lower energy (10, 14, 17) .
The optimized Mn 4 CaO 5 cluster geometries, specifically metalmetal, metal-O, metal-water (O), and metal-ligand (O or N) distances, together with deviations from the XFEL X-ray structure (5) are summarized in Table S1 . Models 1 and 2 showed relatively small deviations (rmsd = 0.12-0.13 Å), whereas models 3 and 4 showed larger deviations (rmsd = 0.25 and 0.15 Å, respectively). In particular, model 3 has very large deviations in Mn 3 -O5 and Mn 4 -O5 (0.93 and 0.86 Å, respectively). The calculated distances of model 1 are very similar to those in previous QM/MM calculations (18, 19) . A relatively large deviation of Mn 3 -O5 (−0.44 Å) from the XFEL structure could be attributed to a minor contribution of the S 0 state as previously suggested (20) . IR spectra of the WOC were simulated within the symmetric COO − stretching region at around 1,400 cm
. This region does not overlap with other vibrational modes in contrast to a severe overlap of the strong amide II bands in the asymmetric COO − region around 1,550 cm −1 (29) . Simulated S 2 /S 1 IR difference spectra of model 1 agreed well with the experimental spectrum (30) for both of the S 2 states oxidized at Mn 1 and Mn 4 ( Fig. 2 A, a) . In particular, the prominent negative band present at 1,401 cm −1 with positive bands on both the higher-and lower-frequency sides of this peak was well-reproduced. The 12 C/ 13 C-Ala S 2 /S 1 double-difference spectra calculated using model 1, with both the Mn 1 -and Mn 4 C-Ala S 2 /S 1 double-difference spectrum ( Fig. 2 B, b) . In contrast to high-oxidation models, the low-oxidation models, 3 and 4, poorly reproduced the S 2 /S 1 difference spectrum ( arises mainly from the isolated vibration of D170 in model 1 ( Fig. 3A and Fig. S3A ). The vibration of E333 also contributes to the lower-frequency side of the band. In the S 2 state, these vibrations are downshifted to ∼1,360 cm be assigned to the vibrations of D61, D342, and E189 calculated at 1,450-1,420/∼1,410 cm −1 (Fig. 3A and Fig. S3A) ; the deviations from the experimental frequencies may be because of slightly different scaling factors depending on the vibrational modes. The same tendency was also found in model 2 ( Fig. S3 B and C) . In this case, however, E333 is the main vibration for the 1,401-cm −1 band, whereas D170 contributes to the higher-frequency band together with D61 and D342. Thus, deprotonation of W2 induces a slight rearrangement of COO − vibrations without drastic changes in their frequencies (SI Text has detailed discussion about the effect of W2 deprotonation).
Downshifts in frequencies associated with D170 and E333 are consistent with changes in CO lengths within COO − (Table 2) ; the CO bond interacting with Mn 4 has a longer length than the other CO bond interacting with Ca (D170) or Mn 3 (E333) in the S 1 state, and the former CO further lengthens on S 2 formation, whereas the latter CO is shortened. This asymmetric structure weakens the coupling of two CO vibrations within the COO − group. This change in the coupling increases the contribution of the longer CO bond in the "symmetric" COO − stretching vibration, resulting in observed frequency downshifts. The CO length changes in D170 and E333 are induced by stronger interactions with Mn 4 as shown in the tendency toward shortened distances of D170-Mn 4 and E333-Mn 4 (Table S1 ) on S 2 formation.
Normal modes in the simulated 12 C/ 13 C-Ala S 2 /S 1 doubledifference spectrum are shown in (Table S1 ). Weak coordination to Ca is reflected in the distance of A344-Ca (2.54 Å), which is long relative to A344-Mn 2 (1.91 Å), in good agreement with experimental values (2.43 and 1.90 Å, respectively) (Table S1 ). This weak coordination to Ca is also consistent with experimental observations that the A344 bands are insensitive to the replacement of Ca 2+ with Sr 2+ (32) . Similar trends in vibrational frequencies and bond lengths within A344 are also found in other high-oxidation models (Fig. S3 , Table 2, and  Table S1 ).
A simulated S 2 /S 1 difference spectrum of the Ca-depleted WOC (model 5), which is shown in Fig. 4 with band assignments, is in good agreement with the experimental spectrum (28) . In particular, the isolated D170 vibration at ∼1,400 cm −1 in the intact WOC (Fig. 3A) is downshifted to ∼1,350 cm
, and a positive feature around 1,360 cm −1 arising from the coupled D170 vibrations is lost. These alterations are consistent with a change from bidentate to unidentate coordination on Ca 2+ removal, which is reflected in variations in CO lengths (specifically, +0.024 and −0.030 Å on the Mn 4 and free sides, respectively) ( Table 2 ). Vibrations of other carboxylate groups are also rearranged significantly on Ca 2+ depletion (Fig. 4) . 
Discussion
A number of theoretical simulations of the Mn 4 CaO 5 cluster have been attempted to clarify details regarding its structure and physical properties. Most of these simulations focused on the geometry and the spin properties of the Mn 4 CaO 5 cluster to reproduce the X-ray structure as well as EXAFS and EPR data (10, 13, 15, 20, 21) . In a recent study, Chuah et al. (23) performed DFT calculations on the Mn 4 CaO 5 cluster with its firstshell ligands to outline how carboxylate stretching frequencies behave on Mn oxidation and deprotonation. In this study, we present a successful simulation of the FTIR difference spectra of the WOC in the carboxylate stretching region; to do this simulation, we performed QM/MM calculations with a large QM region including nearby amino acids and water molecules in addition to firstshell ligands (Fig. 1A) .
Our calculations satisfactorily reproduced the symmetric COO − stretching region of the experimental S 2 /S 1 difference spectrum (30) by using high-oxidation models (models 1 and 2), which have an oxidation state of (III, IV, IV, III) in the S 1 state (Fig. 2 A, a  and b) . Model 1 showed a slightly better reproduction compared with model 2. Both of the high-oxidation models also showed a good reproduction of the 12 C/ 13 C-A344 S 2 /S 1 double-difference spectrum (31) (Fig. 2 B, a and b) , which specifically represents the A344 (C-terminal carboxylate) bands. This result indicates that the A344 vibrations in the S 1 and S 2 states are estimated correctly by calculations. In addition, the Ca-depleted model (model 5) showed a good agreement with the experimental S 2 /S 1 difference spectrum of Ca-depleted PSII (28) (Fig. 4) . These successful reproductions of experimental spectra lend credibility to the QM/ MM calculations and proposed assignments of prominent spectral features (Figs. 3 and 4) .
In contrast to the high-oxidation models, both of the low-oxidation models (models 3 and 4) ( Table 1) did not reproduce the S 2 /S 1 difference spectrum (Fig. 2 A, c and d) . In addition, the 12 C/ 13 C-Ala difference spectrum was not reproduced by model 3, although the major spectral feature was reproduced by model 4 (Fig. 2 B, c and d) . Thus, low-oxidation models previously used to reproduce X-ray structures (12) are unlikely according to carboxylate vibrations. Previous DFT simulations of EXAFS and EPR data also support this conclusion (10) .
The QM region used in vibrational analysis includes six carboxylate ligands surrounding the Mn 4 CaO 5 cluster and the D61 hydrogen bonded to W1. The result that simulations with this QM region reproduced the experimental FTIR difference spectra in the COO − stretching region indicates that the COO − bands in the spectra originate mostly from these seven carboxylate groups closely interacting with the Mn 4 CaO 5 cluster. The vibrations of these carboxylate groups are coupled significantly with each other in most normal modes (Fig. 3A) . On formation of S 2 , carboxylate groups are rearranged without drastic changes in coordination, resulting in frequency shifts and alteration in couplings shown in the simulated S 2 /S 1 difference spectrum (Fig. 3A) . Because strong couplings exist among carboxylate groups alongside charge delocalization (Table S4) , we conclude that virtually all of the carboxylate groups contribute to the experimental spectrum (Fig.  3A) . Among the normal modes, D170 and E333, ligands bound to Mn 4 , have rather isolated vibrations at ∼1,400 cm −1 in S 1 , which change to coupled vibrations at ∼1,360 cm −1 on S 2 formation, providing prominent bands at these positions in the difference spectrum (Fig. 3A) . In addition, the calculated Mulliken charges (Table S4) show that an additional charge is distributed largely to Mn 4 when not only Mn 4 is oxidized but also, Mn 1 is formally oxidized on S 2 formation. This increased charge at Mn 4 induces frequency downshifts of carboxylate ligands. Thus, this charge distribution to Mn 4 explains the major contribution of the Mn 4 ligands (D170 and E333) to the spectral feature and further explains the unexpected similarity between the calculated spectra with Mn 1 -and Mn 4 -oxidized S 2 states (Fig. 2 A, a) . Large changes in Mn 4 ligands are consistent with a recent QM/MM analysis of the S 2 − S 1 difference Fourier map from XFEL X-ray diffraction data (37) , which suggests that the main structural change during the S 1 →S 2 transition is in the position of Mn 4 and its coordination environment (38) . Krewald et al. (10) also suggested that the S 1 →S 2 transition should mostly affect the D170 and E333 vibrations because of Mn 4 (III)'s loss of Jahn-Teller axis on oxidation. The experimental observation that the prominent negative band at ∼1,400 cm −1 is lost on Ca 2+ depletion (28, 36) is also consistent with the assignment of this band to D170 bridging Mn 4 and Ca; the spectral change is well-explained in calculation of the Cadepleted WOC (model 5), in which the D170 vibration downshifts to ∼1,350 cm −1 because of a change from bidentate to unidentate coordination (Fig. 4) . Assigning the ∼1,400-cm −1 band to a carboxylate bridge between Mn and Ca was previously proposed from this FTIR observation (28) .
Site-directed mutagenesis of cyanobacteria has been used to investigate how carboxylate amino acid residues are involved in COO − vibrations of FTIR difference spectra of S-state transitions (33) (34) (35) (39) (40) (41) (42) (43) (44) (45) (46) (47) . In contrast to selective isotope labeling using [1- 13 C]A344 (31, 32) , the effects of mutation on FTIR spectra are not straightforward because of the full or partial inactivation of the WOC on mutation of critical residues, secondary effects on WOC structure, and rearrangement of vibrational couplings of carboxylate groups. On E354Q mutation, the S 2 /S 1 FTIR difference spectrum showed intensity changes in the 1,440-to 1,300-cm −1 region, which spans virtually the entire symmetric COO − region (33, 34) . Because the E354 vibration contributes to coupled modes over the 1,390-to 1,360-cm −1 range in calculated spectra (Fig.  3A) , experimental alterations may be explained by rearrangements in the ligand structure and changes in vibrational couplings that occur in addition to the loss of E354 vibrations. In addition, D61A mutation induced changes in the 1,440-to 1,410-cm −1 and 1,370-to 1,320-cm
regions of the S 2 /S 1 spectrum (35) , which are consistent with major contributions of D61 to coupled modes present at 1,420-1,410 and 1,370-1,360 cm −1 (Fig. 3A) . We note several puzzling observations; specifically, mutations of D170, E189, E333, and D342 induced no or minor changes in the COO − region in the FTIR difference spectra during the S-state cycle, which is concomitant with little change in oscillation patterns (39) (40) (41) (42) . These carboxylate ligands are thought to be crucial in supporting the structure of the Mn 4 CaO 5 cluster, where their negative charges should be important in determining the redox potential of S-state intermediates. Thus, it is expected that mutations within these carboxylate groups would significantly affect the WOC structure as well as its reactions. In addition, vibrations of these carboxylate groups are heavily coupled with those of other carboxylate groups (Fig. 3A) . Thus, mutation of one of the carboxylate groups (even if it is not coordinated to the formally oxidized Mn) should alter vibrational features, resulting in perturbation in the FTIR difference spectra. Indeed, mutations in amino acid residues that are located far from the Mn 4 CaO 5 cluster but interact with it through a hydrogen bond network, such as D2-K317 (43, 44) , D1-N181 (45), D1-E65, D2-E312, D1-R334, and D1-Q165 (46, 47) , showed clear changes in the COO − region of the FTIR spectra during the S-state cycle. In most cases, the mutations also lowered the efficiency of the S 3 →S 0 transition. Although recent DFT studies suggested that deprotonation of water/hydroxide ligands coordinating an oxidized Mn suppresses frequency shifts of carboxylate ligands (23, 48) , the S 1 →S 2 transition is not accompanied by release of protons (49) ; additionally, it is not possible that several carboxylate ligands are all silent in any Mn 4 CaO 5 models. Rather, the data in these DFT studies, which showed frequency shifts, to a more or less extent, in virtually all of the carboxylate ligands (23, 48) , are consistent with our results. Additional studies on carboxylate ligands mutants are necessary to resolve discrepancies between the mutational effects on FTIR data and QM/MM calculation results.
We also note a clear trend where D170, A344, and E189, which bridge Mn and Ca, show asymmetric structural changes; this trend includes lengthened CO bonds on the Mn side and shortened CO bonds on the Ca side on S 2 formation (Table 2) , which result in relatively large frequency downshifts (Fig. 3A) . This change is caused by an increase in positive charge on Mn ions on S 2 formation, which attracts a negative charge on the COO (Table S4) , which then increases the acidity of water molecules on Ca (W3 and W4). This alteration in charge on Ca is also reflected in a decrease in Ca-W3 and Ca-W4 distances (Table S1 ) and an increase in OH lengths in W3 and W4 on S 2 formation (Table S5 (51, 52) . It is, thus, possible that the W3 and W4 attached to Ca 2+ are involved in proton release in water oxidation, especially during the S 2 →S 3 transition, which is inhibited by Ca 2+ depletion (53) . It has also been proposed that W3 moves to Mn 4 during the S 2 →S 3 transition in the so-called oxo-oxyl mechanism (13, 17, 22) . Thus, the carboxylate ligands bridging Mn and Ca ions may play an important role in water oxidation by tuning the reactivity of water ligands on Ca by charge shifts via their π conjugation.
Methods
The initial coordinates of PSII models were obtained from the XFEL X-ray structure at a resolution of 1.95 Å (5) (Protein Data Bank ID code 4UB6). In addition to the Mn 4 CaO 5 cluster, amino acid residues, water molecules, and two Cl − ions located within 20 Å from the Mn 4 CaO 5 cluster were extracted from the X-ray structure. Hydrogen atoms were generated and optimized using the AMBER force field (54) . During this procedure, the positions of all heavy atoms were fixed. QM/MM calculations were performed using the two-layer ONIOM method (55) with the electronic embedding scheme within the Gaussian 09 program package (56) . The QM region ( Fig. 1) consists of the Mn 4 CaO 5 cluster, amino acid ligands (D1-D170, D1-E189, D1-E333, D1-D342, D1-A344, CP43-E354, and D1-H332), water ligands (W1, W2, W3, and W4), 11 other water molecules that surround the Mn 4 CaO 5 cluster, Y Z , D1-H190, D1-D61, D1-H337, and CP43-R357. Other atoms in the selected region were assigned to the molecular mechanics (MM) region (Fig. S1 ). Geometry optimization and normal mode analysis of the QM region were performed using an unrestricted DFT method with the B3LYP functional using LANL2DZ and 6-31G(d) as basis sets for metal atoms and other atoms, respectively (24) . In QM/MM geometry optimization, the coordinates of the QM region were fully relaxed, whereas those of the MM region were fixed. (10, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . To obtain IR spectra in the COO − stretching region, normal modes involving carboxylate vibrations were added by assuming a Gaussian band with a 16-cm −1 width (FWHM) for each mode. A scaling factor was determined for each simulated difference spectrum (for models 1 and 2, an average spectrum of Mn 1 -and Mn 4 -oxidized S 2 ) to adjust the frequency of the simulated major peak to that of the experimental one; this major peak includes the negative peak at 1,401 cm −1 in the S 2 /S 1 difference spectrum, the positive peak at 1,320 cm −1 in the 12 C/ 13 C-Ala S 2 /S 1 double-difference spectrum, and the positive peak at 1,431 cm −1 in the S 2 /S 1 difference spectrum of Cadepleted PSII. Adopted scaling factors ranged from 0.955 to 0.966. When the corresponding peak was not found in a calculated spectrum, a scaling factor of 0.960 was adopted.
ACKNOWLEDGMENTS. We thank Prof. Richard J. Debus for providing the data of 12 C/ 13 C-Ala FTIR difference spectrum. QM/MM calculations were performed using the Research Center for Computational Science, Okazaki, Japan and Information Technology Center, Nagoya University. This study was supported by Japan Society for the Promotion of Science (JSPS) Fellows Grant-in-Aid 15J10320 (to S.N.) and JSPS Grants-in-Aid for Scientific Research 24000018 (to T.N.), 24107003 (to T.N.), and 25291033 (to T.N.).
